Although optical absorption is an intrinsic materials property, it can be manipulated through structural modification. Coherent perfect absorption increases absorption to 100% interferometrically but is typically realized only over narrow bandwidths using two laser beams with fixed phase relationship. We show that engineering a thin film's photonic environment severs the link between the effective absorption of the film and its intrinsic absorption while eliminating, in principle, bandwidth restrictions. Employing thin aperiodic dielectric mirrors, we demonstrate coherent perfect absorption in a 2 μm thick film of polycrystalline silicon using a single incoherent beam of light at all the resonances across a spectrally flat, octave-spanning near-infrared spectrum, ≈800-1600 nm. Critically, these mirrors have wavelength-dependent reflectivity devised to counterbalance the decline in silicon's intrinsic absorption at long wavelengths. The burgeoning study of non-Hermitian photonic structures is enabling new capabilities by sculpting the spatial distribution of the imaginary component of the refractive index, whether loss [1,2] or gain [3, 4] . For example, interference can help increase absorption in low-loss materials-so-called "coherent perfect absorption (CPA)" [5] [6] [7] . The CPA concept is related to "critical coupling" [8, 9] , well known in microwave engineering [10] , where light coupled to a cavity is strongly absorbed on resonance. CPA is now envisioned to facilitate a host of novel optical switching phenomena [11-13] as a means for strong coupling to two-dimensional materials [14, 15] , and has even been extended to acoustics [16] . To date, however, CPA has been realized at resonances lying within narrow bandwidths using two laser beams with a fixed phase relationship (a 3 nm bandwidth in a 100 μm thick Si film by tuning a continuous-wave laser [6] ) or at single wavelengths in plasmonics- [17, 18] and metamaterials-based [19] realizations. While proposals to increase the CPA bandwidth have been put forth [20, 21] , experimental realizations have not been forthcoming.
The burgeoning study of non-Hermitian photonic structures is enabling new capabilities by sculpting the spatial distribution of the imaginary component of the refractive index, whether loss [1, 2] or gain [3, 4] . For example, interference can help increase absorption in low-loss materials-so-called "coherent perfect absorption (CPA)" [5] [6] [7] . The CPA concept is related to "critical coupling" [8, 9] , well known in microwave engineering [10] , where light coupled to a cavity is strongly absorbed on resonance. CPA is now envisioned to facilitate a host of novel optical switching phenomena [11] [12] [13] as a means for strong coupling to two-dimensional materials [14, 15] , and has even been extended to acoustics [16] . To date, however, CPA has been realized at resonances lying within narrow bandwidths using two laser beams with a fixed phase relationship (a 3 nm bandwidth in a 100 μm thick Si film by tuning a continuous-wave laser [6] ) or at single wavelengths in plasmonics- [17, 18] and metamaterials-based [19] realizations. While proposals to increase the CPA bandwidth have been put forth [20, 21] , experimental realizations have not been forthcoming.
Our goal here is to address the following challenge: can one arrange for the effective absorption of a material, without modifying the material itself, to be controllably enhanced beyond its intrinsic absorption over a broad spectrum? In this Letter, we sever the link between the effective absorption of a structure and its intrinsic material absorption by sculpting the materials photonic environment. Specifically, we embed a 2 μm thick polycrystalline Si film in a planar resonator composed of rising aperiodic, multilayer dielectric mirrors and demonstrate spectrally flat CPA on resonance across an octave of bandwidth in the near-infrared (NIR), 800-1600 nm. The central insight for increasing the CPA bandwidth is that the decline in Si absorption at longer wavelengths necessitates the use of cavity mirrors whose reflectivity amplitude increases in-step with the wavelength. This Letter introduces decisive advances, in addition to the record CPA bandwidth achieved. We use a single-beam configuration in optimized symmetric and asymmetric structures to match or exceed the total absorption in two-beam CPA [22] . This approach thus also facilitates utilizing incoherent, rather than coherent, light, thereby expanding the scope of potential applications.
We first highlight a fundamental feature concerning absorption in planar photonic structures. If the absorption upon "onesided-incidence" on a symmetric structure is A 1 [ Fig. 1(a) ], then the absorption in a "two-sided-incidence" configuration [ Fig. 1(b) ] for the same structure is
L r L gjajjbj cos ϕ; ϕ is the relative phase between the incident field amplitudes a and b, jaj 2 jbj 2 1, and r L and t L are the field reflection and transmission coefficients, respectively. Interference in this linear system may therefore raise A 2 above A 1 , potentially to 100%, or lower it to 0% [22] . Although the interference term Reft L r L g is zero in any lossless planar symmetric structure (the reflected and transmitted fields are in quadrature and thus cannot interfere [23] ), it can become non-zero in non-Hermitian structures; i.e., introducing loss enables such interference. Maximizing this absorptionmediated interference requires (1) jaj jbj and ϕ 0 or π; and (2) a structure characterized by jr L j jt L j and a relative phase θ 0 or π between the reflection and transmission coefficients. If these conditions are satisfied at a given wavelength, then CPA (A 2 1) is achieved, provided that cos ϕ cos θ −1 [22] . This phenomenon has its origin in the emergence of a "dark state: a zero eigenvalue of the system's scattering matrix" whose corresponding eigenvector dictates the relative amplitude and the phase of the incident fields to undergo CPA [5] . In asymmetric structures [ Fig. 1 Fig. 1(f) ]. If the complex refractive index of Si is n Si n in 0 , then the single-pass (or intrinsic) absorption in a layer of thickness d is A 1 − e −2k 0 d , where k 0 n 0 2π λ and λ is the free-space wavelength. The effective absorption in the Si film is not necessarily maximized by placing it between mirrors with high reflectivity. Instead, A determines the optimal values of mirror reflectivities that maximize A 1 , A 2 , or A a 1 by striking a balance between interference and absorption. For one-sided incidence in a symmetric structure, taking the reflectivities of M 1 and M 2 to be R R 1 2 − 3A∕f1 − A2 Ag optimizes
i.e., a minimum of 50% absorption is achieved on resonance independently of A in the range 0 < A ≤ eliminates reflection altogether, r L 0, and results in perfect one-
Although the optimal one-sided absorption A 1 ≥ 0.5 occurs at all the resonances [ Fig. 1(g) ], the optimal two-sided absorption is achieved at only half the resonances since
, where m is the resonance order [ Fig. 1(h) ]. If ϕ 0 (ϕ π); even-ordered (odd-ordered) resonances undergo complete absorption. Therefore, when a broad bandwidth is of interest, the simpler and more stable one-sided incidence, surprisingly, yields a larger total absorption than optimal two-sided CPA, with no need to arrange for beam interference. Critically, the optimal asymmetric configuration provides the best performance with complete absorption at all the resonances, thus yielding twice the absorption of two-sided CPA [ Fig. 1(i) ].
We have therefore established that the reflectivity of M 1 or M a 1 required for maximal absorption is predicated on the intrinsic absorption A. Since all materials have wavelengthdependent A, achieving A 2 1 and A 1 ≥ 0.5 in a symmetric structure, or A a 1 1 in an asymmetric structure, over a large enough bandwidth, whereupon A varies substantially, therefore necessitates the use of mirrors whose spectral reflectivity also changes with a wavelength to counterbalance the spectral variation in A. Consequently, Bragg or other mirrors with flat spectral reflectivity are optimal in only a limited wavelength span. The measured Aλ for a 2 μm thick layer of polycrystalline Si is shown in Fig. 2(b) . By combining this measured Aλ with the theoretical optimal reflectivity [ Fig. 2(a) ], we obtain the target spectral reflectivities R 1 λ and R 2 λ that maximize Fig. 1 . Coherent absorption in a planar structure. (a) One-sided incidence on a generic structure; r L and t L are the field reflection and transmission coefficients for left incidence. One-sided absorption is
(c) One-sided incidence on an asymmetric planar structure with a back reflector (t L 0). One-sided absorption is A Fig. 2(c) ]. The decline in Si NIR absorption requires that R increases with λ in all cases.
We carried out the inverse design of the target mirror in the symmetric device R 2 λ 1 − Aλ [ Fig. 2(c) ] to optimize two-sided absorption using the FilmStar software package (FTG Software Associates) that employs damped least-squares optimization to synthesize the structure at each target reflectivity point [24] ; R 2 λ simultaneously optimizes one-sided absorption for low A [ Fig. 2(a) ]. Using lossless materials with indices n L 1.5 and n H 2.45, we optimized the structure design iteratively to reduce the number of layers N to N 13 for M 1 and M 2 in a symmetric structure. The resulting mirror has a reflectivity that approaches the target over an octave of bandwidth ∼800-1600 nm in the NIR [ Fig. 3(a) ]. The mirror thickness is ≈2.2 μm, resulting in a total device thickness of ≈2 × 2. (30) alternating layers of total thickness of 1.8 μm (4.5 μm). The total asymmetric device thickness is 8.3 μm. Note that the mirror thicknesses in both devices are on the order of that of the Si layer, and they may be further reduced using high-index-contrast materials [25] . Increasing N (a thicker device) enables more accurate approximation of the desired target spectral reflectivity Rλ. In general, we find that errors in Rλ almost always result in a reduction of absorption.
The full symmetric device structure (M 1 Si M 2 ) was fabricated sequentially using physical vapor deposition employing the dielectrics ZnSe (n H 2.45) and ThF 4 (n L 1.5); other dielectric pairs may of course be employed instead. First, alternating ZnSe and ThF 4 layers are deposited from resistive targets on BK7 substrates (refractive index n s 1.52) to form M 1 ; a 2 μm thick polycrystalline Si layer is added via e-beam evaporation; finally, M 2 is deposited with the reverse layer-order of M 1 . With the addition of a 1 mm thick borosilicate glass slide after M 2 , we obtain a symmetric structure. The measured spectral reflection from M 1 is shown in Fig. 3(b) compared to a transfer-matrix calculation. Note that incidence is from air in Fig. 3(b) , and not from Si as in Fig. 3(a) , which dramatically changes the spectral reflection from this mirror. The asymmetric device M We now proceed to the optical characterization of the complete symmetric device in the one-sided-incidence configuration [Figs. 4(a) and 4(b)], carried out using the setup in Fig. 4(c) for normally incident light. In contrast to reported CPA measurements, our measurements have been performed with incoherent light: a collimated beam from a Tungsten lamp. We measure the transmission T L and reflection R L coefficients, from which we determine (the resonance order m is an integer). The strength of absorption at the resonances is set by the fidelity of the achieved R (for M 1 ) to the target design [ Fig. 2(c) ]. In our calculations, we made use of nλ obtained from ellipsometric measurements. In comparing the measurements and theoretical predictions of R L , T L , and A 1 for the symmetric device, we note that the greatest deviation is in the vicinity of λ 1300 nm, where the reflectivity of M 1 departs from the target values [ Fig. 3(c)] . A similar deviation occurs at the short wavelength edge (∼800 nm). In general, reaching the theoretical value of A 1 0.5 at any resonance is readily predicted by the proximity of R to the target.
We have carried out one-sided-incidence measurements on the asymmetric device and compared the measured and theoretically predicted values of R L , T L , and A a 1 over a full spectral octave [ Fig. 5] . In contrast to A 1 in Fig. 4 , A a 1 is substantially larger than the symmetric device limit of A 1 ≥ 0.5. Deviations from achieving the theoretical limit of A a 1 are associated with inaccuracies in mirror fabrication, which manifest themselves in differences between the target and measured reflectivities. Our measurements in Fig. 3 and statistical simulations indicate that there is ∼5% error in the layer thicknesses of the fabricated mirrors. Reducing this error to ∼2% makes the resulting deviations in mirror reflectivity have negligible impact on the effective absorption.
A milestone in the development of ultrabroad-bandwidth lasers [26] was the realization that spectrally flat-chirped mirrors [27] enable control over the cavity dispersion via their spectral phase. We have shown that the CPA bandwidth is increased through control over the spectral reflectivity amplitude of the mirrors in a lossy cavity. By implementing this principle, we have demonstrated CPA over a full octave, ∼800-1600 nm that is dramatically broader than previous experimental results. Our results demonstrate that the judicious design of the photonic environment of a lossy material allows one to controllably sever the link between the effective optical absorption in the structure and the intrinsic absorption of the material from which it is constructed. We have focused here on absorption in Si, but our approach is applicable to any other material that may be processed into a film. The bandwidth is limited only by the fabrication precision, which constrains how precisely R tracks the spectral changes in A. The challenge of extending the CPA effect to continuously cover the spectrum can be addressed using the concept of "omni-resonant cavities" in which the wavelength and incidence angles are correlated through the action of a tilted grating [28] . We have thus created the basis for a transformative method that may potentially address a host of critical challenges, including harnessing infrared solar energy, achieving flat spectral sensitivity for photodetectors and maximizing pump absorption in lasers, using only planar technology.
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